Abstract In order to explore the PET fiber's potential as a filter medium to treat the water produced from oil production, modification technology was adopted to modify the fiber surface. After modification, the PET fiber surface was grafted by the -COOH, =NH and -OH groups. Therefore, the property of the modified fiber changed from oleophilic to hydrophilic, which makes the fiber easy to backwash. Water produced from a typical oil field in the north of China was treated on site with filter filled with this new fiber medium. The results are compared with the results from a filter filled with currently popular walnut medium, where the experiment conditions are the same as that of the fiber filter. When the velocity is lower than 15 m/h, the effluent from fiber filter can control the oil concentration < 2.4 mg/l, SS < 2.0 mg/l, and D 50 < 2 µm, which meets the requirements for waterflood (water injection) into the ground. But the walnut medium filter can only control the oil concentration < 5 mg/l, TSS < 2.0 mg/l, and failed to control the d 50 < 2 µm, which is the crucial deficiency of the walnut medium. The fiber medium still shows a great ability to control particles even with higher filtration velocity and worse influent. With a filtration velocity of 20 m/h and 36.4 µm d 50 of influent, the d 50 of the fiber filter effluent is 3.302 µm, but that of walnut filter is 10.74 µm. The reason for this is due to the compressibiliy of the fiber medium while the walnut median is incompressible. Recommendations for future studies on pilot-scale experiments to improve backwash and to determine operational parameters are presented.
Introduction
Currently most Chinese oilfields are in their mid-or final-stage of development and the produced oil contains a very large volume of water. The oily water produced after the main separation of produced oil is called produced water. Because of the characteristics of produced water such as containing oil and the suspended solids (SS), high temperature, high salts concentration, high corrosion rate and so on, it will be a great source of pollution for local water sources and resulting in the salinization of local soil. There are three main ways for produced water treatment. The first is to treat the produced water for reinjection. It is mainly required to control the oil and the SS concentration and the particle diameter of solids, d 50 (the diameter of particle size of 50% by volume). The second is to treat the produced water for discharge to meet the discharge and environmental requirements. This is required to control COD, BOD, SS, oil, odor and so on. Its process will be more complicated than that for reinjection. The third way is to treat the produced water as supplying water for steam generator or boiler for producing oil. This requirement will be more stringent than that for reinjection and discharge. Comparing these three methods for produced water treatment, it is the easiest and the most economical way to treat the produced water for reinjection. It will not only save a large volume of fresh water for waterflood, but also will diminish the pollution resulting from the produced water and protect the local resources. Most of the oilfields have adopted the first way to treat produced water.
The reinjection standards (SY/ T 5329-94) was issued by the Chinese General petroleum and Gas Inc. (CGPGI) on 18 Jan. 1 The standards are more stringent than the old one on the water quality, especially on the particle size of suspended solids. The best available technologies for oil and suspended solid removal include chemical treatment, gravity separation, parallel-plate coalescers, gas flotation, cyclone separation, granular media filtration and cartridge filtration. [2] [3] [4] [5] [6] [7] Among the technologies applied, filtration is the crucial technology to control the concentration of oil and SS, especially to control the overall particulate size, which is the most important factor of formation plugging. Sand filtration usually cannot meet the stringent requirement for particulate size, d 50 ≤ 2 µm. The multi-media filtration is usually difficult to operate and the mixture of different media during backwashing is inevitable, which will greatly diminish the efficiency of the unit. Therefore, this technology is not widely used in Chinese oilfields. Walnut media filtration was introduced into China in the 1980s. It has been popular in most Chinese oilfields because of its oil-absorbent ability and low media gravity. But the walnut media is difficult to wash clear when it is saturated with oil and the media is easy to lose with backwashing water. In order to overcome these disadvantages, a large volume of detergent and extra new walnut media must be added periodically, which will increase the complexity of the operation. Moreover, because of the incompressibility of the walnut media, it has a limited ability to control the particulate size in effluent, i.e. only meeting with the Class 2 of reinjection standards but failing to meet with Class 1 standards required by new treatment installation.
Fiber-ball media filtration is a potential technology because of its compressibility. During filtration, the fiber-ball media will form an ideal porosity distribution under the water weight head loss through the bed, which greatly increases the media's capacity of containing sludge. Because of these advantages, fiber media can control the particulate size in the effluent lower than 2 µm. Therefore, fiber-ball media is ideal for produced water treatment.
The fiber-ball is formed by clustering PET (polyethylene terephthalate) fiber. Because the PET fiber's surface is oil-absorbent, the fiber media can easily absorb oil and is difficult to backwash when its surface is saturated with oil, which prevents its usage for oil containing water treatment. If the surface of the PET fiber can be modified into an oil-repellent, it has a great potential for produced water treatment. After modification, the modified fiber surface will not absorb oil molecules or the adhesion of oil to the PET fiber surface will be decreased greatly. Then the modified fiber is easy to backwash after its surface has been saturated with oil.
Fiber-surface modification
The poly molecule of PET is composed of -C 6 H 6 , -CH 2 and ROOC. Therefore the PET fiber surface is non-polar and would rather absorb non-polar molecules than those polar molecules such as water moleculess. The grafting processes or surface treatment are two methods that can modify the fiber surface. Because the surface treatment is easier and more economical than grafting processes, the former was adopted.
The crucial step of surface treatment is to choose a proper oil-repellent surfactant. After about one year's investigation in civil and alien surfactant markets and comparison of related important surface treatment tests, an ideal mixture of surfactants were developed that met our requirements. This mixture contains polar groups, such as -COOH, -OH and =NH, which will increase the hydrophilic ability of the fiber surface greatly. [8] [9] [10] [11] [12] Using this chemical mixture to treat the PET fiber surface by specific process, ideal experimental results are achieved. Figures 1 and 2 show the overall spectrum analysis of original and modified fiber respectively. Figures 3 and 4 show the surface difference between original fiber and modified fiber. Because the chemical surfactant absorbed on the fiber surface is only 2 percent of the fiber mass, the absorb peak of modified fiber surface doesn't change so abruptly, see Figure 2 . But compared with Figure 1 , the difference does exist. Comparing Figure 2 with Figure 1 , Figure 2 shows a wide range of slight strengthening of absorbance from wave number 2500 to wave number 3300 because of the action of the acid group. At the wave number 3500 of curve 2 in Figure 3 , there is an obvious oxy-acid peak that did not appear in curve 1. And at the wave number 1710 in Figure 4 , the absorb peak of curve 2 is a little stronger than that of the curve 1, which is the result of the action of =CO of the acid group.
In order to show the difference between the modified fiber and the original fiber more clearly, XPS analysis was adopted. Table 1 shows the percentage of surface elements of the original fiber and the modified fiber. In Table 1 , compared with the original fiber, the percentage of oxygen element and carbon element in the modified fiber has increased slightly, which is in accordance with the increase of acid group on the modified surface. In Table 1 , there is still another important element N, which appears on the modified surface but not the original fiber surface. It is the result of the absorbing of =NH on the PET fiber, which cannot be detected by the infrared device because of the limits of the device. Wave Number (cm-1) Absorb Pea k Figure 2 Fourier infrared analysis spectrum of surface modified PET fiber Figure 3 The oxy-acid group difference between the original and the wave number 3500 Figure 4 The surface difference between the original and the modified fiber at the wave number of 1710
Filtration experiment
Filtration experiment with the surface modified fiber media was carried out in an oil field in North China. The process of the local produced water treatment station is shown in Figure  5 , and the experimental system was connected to the outlet of the second oil separator. A surface modified fiber, with a walnut filter for comparison, was used in the experiment, see Figure 6 . The filtration columns have a diameter of 164 mm. Filtration media heights were 90 cm for fiber and 70 cm for walnut. The diameter of the fiber ball media is 30 mm, and that of walnut media is 0.5-0.8 mm. This system operated for 21 periods in about 60 days. At each end of the running period, the filtration beds were backwashed by air and water simultaneously.
The overall water quality of the influent and effluents of the fiber filter and walnut filter are listed in Table 2 . From the results in Table 2 , we can conclude that, except for the oil concentration and the total suspended solids (TSS) concentration, the overall quality of effluents changes little after the filtration units.
For reinjection, it is not necessary to control the overall water quality of the effluent water. The crucial step is to control the oil and SS concentration, especially the diameter of the suspended solids, which will clog the formation otherwise. Therefore, the potentialities Table 1 The surface chemical composition of the original fiber and the modified fiber (%) by X-ray photoelectron spectroscopy analysis Figure 5 The process of the local produced water treatment site in a North China oil-field Figure 6 The experimental system of different media can be evaluated by comparing the three effluent parameters mentioned above -see Table 3 . The comparison shows clearly that the quality of the modified fiber media filter effluent is much better than that of walnut media filter at all velocities tested. Especially, when the velocity is 10 m/h or 15 m/h, the fiber filter shows a great advantage over the walnut filter at controlling the diameter of effluent solids lower than 2 µm. This is more obvious when the Figure 7 The percentage of absorbed oil on the surface of the modified fiber influent has larger particles. For example, when the d 50 of influent is 36.4 µm, the d 50 for fiber filter effluent is 3.302 µm, but that for walnut filter is 10.74 µm. Moreover, if pressure filtration pattern is adopted, the fiber filter can achieve d 50 lower than 2 µm at high velocity such as 20 m/h, but the walnut filter is unable to do this. Moreover, in order to testify to the oil-repellent ability of the new modified fiber media, the oil absorbed on the surface of the fiber media after finishing the pilot-scale experiment was analyzed, see Figure 7 . It is clear that the increasing trend of absorbed oil on the modified fiber surface leveled out after the sixth period. This demonstrates that the surfacemodified fiber can be easily backwashed after its surface has been saturated with oil.
Conclusions
According to the experimental results, the effluent quality of the surface-modified fiberball media filter is better than that of the sand filter and walnut filter. Especially, the fiber filter has the great advantage of controlling the particle size of the effluent. The analysis of the oil absorption on the modified fiber surface shows that the surface-modified fiber is oilrepellent and can be backwashed easily. Efforts to reduce the corrosion caused by air-water backwash are recommended via studies on the water only backwash pattern.
